The transmission measurement of two intense picosecond pulses (wavelength A t = 527 nm) separated by 10 ns is applied to extract the quantum yield of triplet formation <£ T , the S l singlet excited state absorption cross-section <r cx , the T, triplet absorption cross-section cr T 
Introduction
Eosin Y (the disodium salt of 2\4\5\7'-tetrabromofluoreseein, structural formula is shown in fig, 5 ) is an important stain in histology [1, 2] . It is applied as a photo-oxidation sensitizer due to its high efficiency of singlet oxygen generation [3] [4] [5] [6] . Laser action of eosin Y was achieved in various solvents [7] [8] [9] [10] [11] [12] . The dye was applied to nonlinear optical processes like low power phase conjugation [13] [14] [15] and spatial light modulation [16] .
Triplet spectroscopic data of eosin Y are collected in refs. [17, 18] . An enhanced intersystem crossing occurs due to the heavy atom effect of Br [19, 20] . Phosphorescence [21] and delayed fluorescence [22, 23] have been observed even at room temperature. Reported values of the quantum yield of triplet formation <f>T and of the fluorescence quantum yield <ft F are listed in table 1 . In early studies small quantum yields of triplet formation were deduced while in more recent reports the nonradiative relaxation was found to be completely due to intersystem crossing.
The quantum yields of triplet formation or the intersystem-crossing rates for eosin Y have been deduced from phosphorescence quantum yield and phosphorescence lifetime measurements in a spectrophosphorimeter [22] , from sensitized photoreduction studies [24, 25] , and from absorption measurements using microsecond flash photolysis systems [26] [27] [28] , a pulsed submicrosecond dye laser [29] , and a repetitive subnanosecond dye laser [30] .
In this paper we determine the quantum yield of triplet formation <f>T, the Sj-S,, singlet state absorption cross-section cr ex (A L ), the T,-T" triplet-triplet absorption cross-section cr T (A L ), and the T"-T, triplet relaxation time T t of eosin Y in bidistilled water (pH » 7) and in absolute methanol by nonlinear transmission measurements with a sequence of two second harmonic picosecond light pulses of a mode-locked Nd:glass laser (pulse separation / R = 10 ns, excitation wavelength A L = 527 nm). Our studies give quantum yields of triplet formation of <£ x (water) = 0.8 ± 0.08 and <£ T (methanol) = 0.56 ± 0.07. Additionally the fluorescence quantum yields <f>v are determined by conventional spectro-fluorimetry. The obtained fluorescence quantum efficiences are <£ F (H 2 0) = 0.2 ± 0.02 and <£ F (methanol) = 0.44 ± 0.04. These data give quantum yields of internal conversion 0 ic (H : O) < 0.1 and <£ ic (methanol) < 0.11.
Method
The relevant level diagram for the absorption and emission dynamics of eosin Y is displayed in fig.  Ha) . A schematic of the applied double-pulse pump and probe experimental arrangement is shown in fig.  Kb) .
The picosecond pulses LI and L2 (duration At L =* 5 ps, separation t R = 10 ns) excite molecules from the S () ground state to a Franck-Condon level 2 in the first excited singlet band S,. From there the molecules thermalize within the S,-band (time constant r F C ) to level 3. From the levels 2 and 3 there occurs excitation to higher singlet states S" (level 4, excited state absorption cross-section cr ex ), radiative relaxation (level 7, spontaneous emission, radiative lifetime r rad ) and internal conversion (rate constant k k ) to the ground state (level 1), as well as intersystem-crossing to the triplet system (level 5, rate constant k hc ). The spontaneous emission may be enhanced by stimulated emission (amplified spontaneous emission [31, 32] ). In the triplet system the laser light causes T^T^ triplet-triplet absorption (excitation to level 6, absorption cross-section cr T ). The excited molecules in the levels 4 and 6 relax with time constants r e x and r T , respectively. The molecules in the triplet system return slowly to the S 0 ground state with the phosphorescence lifetime r P .
For the special situation of eosin Y in H 2 0 levels 2 and 3 coincide practically (laser frequency v h is equal to pure electronic S 0 -S, transition frequency v S] \ and for the solvent methanol level 2 is only slightly above level 3 causing a thermal population N 2ih of level 2 in the S r band.
The temporal population changes of the molecular levels and the transmission changes caused by the double pump pulse bleaching experiments are illustrated in figs. 2 and 3. The small population and transmission changes caused by the weak delayed probe pulses are neglected. The situation of k isc =£0 (quantum yield of triplet population <t> T > 0) is shown schematically in fig. 3 . The ground-state population "N x does not recover completely because of triplet-state population. The S l -state level population N } caused by the second pump pulse is smaller than its population caused by the first pump pulse because the ground-state population has decreased. The population accumulation N 5 in the lowest triplet state T, is seen in fig. 3 (f). The T, level depletion by the second pump pulse L2 and the fast level refilling by T"-T, triplet-triplet relaxation r x are indicated ( fig. 3(f) and (g) ). The time dependent light transmission is illustrated in fig. 3(h) for the cases of cr T = 0 (dashed curve), <r T <cr L (solid curve), a T = cr L (dotted curve), and cr T > <r L (dash-dotted curve). For a T * 0 the transmission peak at t = r R is due to triplet absorption bleaching and triplet absorption recovery (short value of T T ).
The transmission T u of the first pump pulse LI is independent of triplet state absorption data because the population of the triplet state within the duration of the pump pulse is too small. The intensity dependent measurement of T u allows the determination of the S,-S" singlet-singlet excited state absorption cross-section cr ex .
The transmission T L2 of the second pump pulse L 2 depends, additionally to the singlet absorption cross-sections tr L and cr cx , on the quantum yield of triplet formation <j> T ( proportional to A: isc , see below). 
, where / is the sample length and T 0 is the transmission of the unexcited dye sample (see below). The value of T P} indicates only whether cr T < a L (then T Pl > T 0 ) or ar T > a L (then 7 P1 < T Q ). T P2 depends additionally on the triplet relaxation time r T (see below).
All relevant parameters are already determined by measuring T u and T L2 over a wide pump intensity range / L = I u = / L2 . The S r state lifetime T si has to be determined separately, for example by fluorescence quantum yield measurements as is done in this work. It is not necessary to measure the transmission of the delayed probe pulses. In this work they are measured to confirm the results of the pump pulse transmission measurements.
Theory
The saturable absorption dynamics of the two pump pulses and the transient absorption of the two probe pulses is described by the following differential equation system for the level population number densities N x -N 6 and the pulse intensities / L 1 , L L2 , / P 1 , and / P 2 [31] :
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The transformation /' -/ -c {) z/n and z' = z used, where t is the time, z is the distance along the propagation direction, c 0 is the light velocity in vacuum, and n is the refractive index. / is the sample length.
The absorption anisotropy of the electric dipole interaction causes an angular anisotropic level population. The orientational anisotropic distributions relax to isotropic distributions with the molecular reorientation time constants r or , (/ = S 0 , S,, S", T,, T"). In the calculations the various r orJ are set to a single parameter r or . /V,, i«/,...,6, are the orientation averaged level populations. For the S () -S t ground-state absorption of the pump pulses LI and L2 the absorption anisotropy is taken into account by the angle dependent absorption cross-section or L (6) = 3cr L cos 2 0, where 0 is the angle between the SQ-SJ transition dipole moment of the molecules and the direction of the electric field of the linearly polarized laser light. For the S,-S" excited state absorption of the pump pulses LI and L2 an isotropic absorption dynamics is used in the equation system since the relative orientation between § {) - § x transition dipole moments and the S,-S" transition dipole moments is unknown._At highjnimp intensities the Sj-level populations N 2 (6) and N 3 (0) approach the isotropic distribution N 2 and N 3 because of nearly complete depletion of the ground-state population N { . Therefore the isotropic excited singlet state absorption approach gives correct excited state absorption cross-sections a cx . The first pump pulse LI does not suffer triplet absorption since the pump pulse duration is very short compared to the inverse intersystem crossing rate, i.e. Ar L k'J. The absorption of pump pulse L2 starts from an isotropic triplet T l level population N 5 because r or «: / R . This fact allows to take the absorption anisotropy of the triplet-triplet absorption into account by cr x (0) = 3a T cos 2 0, where 0 is the angle between the T,~T" transition dipole moment of the molecules and the direction of the electric field strength of the laser light. The delayed probe pulses PI and P2 suffer only isotropic absorption since r or <c f D .
The coincidence of the levels 2 and 3 (A*s 3 is given by eq. (10) where A^2 3 is the frequency difference between the levels 2 and 3, h is the Planck constant, k B is the Boltzmann constant, and d is the temperature.
The Sj-state relaxation time r si is determined by the radiative relaxation time r rad , the internal conversion rate k k and the intersystem crossing rate k lsc according to
as long as the S,-state lifetime shortening by amplified spontaneous emission [31, 32] is negligible (see below). Under this condition r sl is related to the fluorescence quantum yield 4> F by r si
The intersystem crossing rate is related to the quantum yield of triplet formation <f>T by
Inserting eqs. (13) and (14) into eq. (12) allows us to express the internal conversion rate as
h ic T S1
The quantum yield of internal conversion is <f>k * 1 -<f>¥ -<£T. 
r is the radial laser beam coordinate. r L and r P are the 1/e beam radii of the pump and the probe pulses, respectively (r L « r p in experiment, r L = r p used in calculations). t 0 = 2~l[ln(2)]~1A/ L is half the 1/e temporal pulse width (Af L is the FWHM pulse duration). t R is the temporal separation of the double pulses, and t D is the temporal delay of the probe pulse sequence from the pump pulse sequence. The equation system (l)- (8) is solved numerically using relevant parameters of eosin Y. The unknown parameters <rex, <f>T, <r T , and T t are varied and determined by fitting the calculated energy transmission curves to the experimental energy transmission values.
In the equation system (l)- (8) the amplification of spontaneous emission [31, 32] is neglected. An efficient amplification of the spontaneous emission at frequency v F by stimulated emission with cross-section a em (see fig. 1(a) ) would shorten the S,-state lifetime T s1 to T ase and thereby influence the quantum yield of triplet formation <t> T . In our studies the experimental parameters have been chosen in such a way that T ase is nearly equal to T^J. Otherwise it would be necessary to include the dynamics of amplified spontaneous emission [31, 32] in the equation system for the saturable absorption dynamics.
In ref. [32] a relation between r ASE and T s1 was derived (eq. (43) 
Experimental

Experimental set-up for picosecond double pulse absorption measurements
The experimental set-up is shown in fig. 4 . A train of picosecond light pulses is generated in an active and passive mode-locked pulsed Nd: phosphate glass laser [34] . The laser shot repetition rate is approximately 0.05 Hz. Two adjacent pulses are separated from the pulse train with a Kerr cell shutter activated by a laser triggered spark gap [35] . (Coaxial charging cable between spark gap and high Ohmic resistor is ca. 1.7 m long causing a high voltage pulse of approximately 17 ns duration on the Kerr cell after spark gap triggering. Kerr liquid is nitrobenzene.) The separated pulse pairs are increased in energy in a Nd: phosphate glass amplifier. The second harmonic of the pulses [36] is generated in a noncritical 90° phase-matched CDA crystal [34] (cesium dihydrogen arsenate CsH 2 As0 4 , phase-matching temperature 34°C, crystal length 1 cm). After the CDA crystal the fundamental laser light is filtered out by a short-pass edge filter Fl. The parameters of the second harmonic light pulses are: wavelength A L = 527 nm, pulse duration A/ L » 5 ps (FWHM), pulse separation t R = 10 ns (resonator round-trip time), and pulse energy up to 2 mJ. The peak intensities / ou and / 0L2 of the two pump pulses are determined by energy transmission measurements through a two-photon absorbing rutile crystal [38] (photodetectors PD1 and PD2). 
Determination of steady-state absorption and fluorescence spectra
The absorption cross-section spectra are determined by transmission measurements with a conventional spectrophotometer (Beckman model ACTA MIV).
The fluorescence quantum distribution spectra £(A) [39] are determined with a homebuilt spectro-fluorimeter. The multi-line emission of an argon ion laser is used as the excitation source. The fluorescence is collected at right angles to the excitation light propagation direction. A polarizer is inserted in the fluorescence path for magic angle polarization detection [40] (vertically polarized argon ion laser, polarizer in the fluorescence path at an angle of 54.7° to the vertical direction). A monochromator is scanned over the fluorescence wavelength region. The fluorescence signal is detected with a microchannel plate photomultiplier tube (Hamamatsu type R-1564-01). Rhodamine 6G in ethanol was employed for the spectral fluorescence standard (<£ F = 0.95 [41] ). A halogen-tungsten lamp (Osram type HLX 64655) of known colour temperature (3450 K at 12 V voltage) was applied for spectral sensitivity calibration [42] .
The fluorescence quantum yields 4> F are obtained by integration over the fluorescence quantum distribution spectra (<f>¥ = / em £(A) dA) [39] . The radiative lifetimes r rad are determined by application of the Strickler-Berg formula [43, 44] (for reported T RAD data of eosin Y see refs. [11, [45] [46] [47] [48] ). The fluorescence lifetime T s 1 is given by eq. (13) . The stimulated emission cross-section spectra are calculated from the fluorescence quantum distribution spectra £<A), and the radiative lifetimes T RAD [49, 50] . The pure electronic S 0 -S, transition frequency vsl is determined by the crossing of the ^a bs (A) and o-e JA) curves [(7 abs (^s l ) = (r em (^s l )].
Dye preparation
Eosin Y was purchased from Heraeus. The structural formula of the molecule is included in fig. 5 (molecular mass 691.88 g/mol). The dye was purified by recrystallization six times from ethanol [24, 51, 52] . The purified dye was dissolved in either methanol (absolute analytical grade) or water (bidistilled, pH = 7). The absorption cross-section spectra and the stimulated emission cross-section spectra of the solutions are shown in figs. 5 (HUO) and 6 (methanol). In fig. 5 the absorption spectrum of chromatographically purified eosin Y in H 2 0 is included for comparison (from ref. [53] ). The difference in the absorption cross-section spectra is thought to be caused by the presence of fluorescein derivatives with a lower degree of bromination [6, [54] [55] [56] in our recrystallized dye.
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Experimental results
The experimental energy transmission T Ell of the first pump pulse through eosin Y in H 2 0 (circles) and in methanol (triangles) is shown versus pump pulse peak intensity in fig. 7 . The small signal transmission of the dyes was set to T Q = Q,0J at the laser wavelength (A L = 527 nm). At high input peak intensities the absorption bleaching saturates because pf S x -S" excited state absorption. The triplet-state absorption plays no role in the transmission of the first pump pulse since the pulse duration At L is too short and the intersystem-crossing rate & jsP is tpo slow to cause an appreciable triplet state population (see fig. 3 ).
The experimental energy transmission ratios T EL2 /T BU
of the second to the first pump pulse versus input peak intensity / 0 L (/ 0 L = / 0L1 « / 0L2 ) are displayed by the circles in fig. 8(a) and (b) for eosin Y in H 2 0 and methanol, respectively. The transmission ratio is influenced by the quantum yield of triplet formation <£ T , the T^T« triplets triplet absorption cross-section <r T , and the T"-T, triplet-triplet relaxation time r T (see fig. 3 ). The experimental energy transmission r E P 1 of the first delayed probe pulse versus pump pulse peak intensity is displayed by the circles in fig. 9 (a) and (b) for eosin Y in H 2 0 and methanol, respectively. Since the delay time t D (= 8 ns) is long compared to the fluorescence lifetime r S I , the singlet system is fully relaxed and the intersystem-crossing to the triplet system is completed. Without intersystem-crossing to the triplet system the delayed probe pulse transmission T E P 1 should be equal to the small signal transmission T {) (see fig. 2 ). The increased probe pulse transmission is determined by the quantum yield of triplet formation 4> T and the smaller triplet-triplet absorption cross-section cr T compared to the singlet ground-state absorption cross-section <r L .
The experimental probe pulse transmission ratios T E^?2 /T E?{ versus / ( ) L are shown by the circles in fig. 10(a) and (b) . Without intersystem-crossing it would be T E?2 /T EP1 = 1 (see fig. 2 ). At a fixed quantum yield of triplet formation d> T the ratio T EP2 /T E?l rises with decreasing <r T (see fig. 3 ). An imperfect spatial overlap of the pump and probe pulses in the sample would lower the T E?2 /T EPl ratio. For high pump pulse peak intensities a focusing to the sample was necessary which made an accurate overlap of the pump and probe pulses difficult. Therefore no experimental data are shown at high pump pulse intensities (/ 0 L > 2 X 10 g W/cm 2 ).
Numerical simulations
In the numerical simulations (equation system (l)- (8)) the quantum yield of triplet formation <£ T (eq. (14)), the S,-S w excited state absorption cross-section <r ex , the-T,-T n triplet-triplet absorption cross-section or T , and the T"-T, triplet-triplet relaxation time r T are determined. The fixed dye parameters for the calculations together with the determined parameters are collected in table 2.
The absorption cross-section data are taken from figs. 5 and 6. The fluorescence quantum yields <£ F , the radiative lifetimes r rad , and the S r state lifetimes r s i (eq. (13) jxs [28] and 2.38 ms [62] . For our studies the exact value of r P is without influence because T p is much longer than our maximum observation time of t R + t D .
In fig. 7 a-ex is adjusted to fit the experimental pump pulse transmission TEU at high intensities. The best fitting o" ex -values are listed in table 2.
The energy transmission ratio TEL2/TBLl in fig. 8 (a) and (b) depends on <£ T , <r T and r r . For the displayed solid curves <j>T is varied, r x is fixed to 1 ps, and <rT is adjusted to fit approximately the experimental data at pump pulse intensities around / 0L = 4 X 10 the rising experimental transmission ratio indicates transient absorption bleaching in the triplet state system. The slopes of the calculated curves fit best to the experimental data for a triplet-triplet relaxation time of 0.3 ps < r T < 1.5 ps. For the dashed curves in fig. 8(b) <rT is varied. aT influences strongly the transmission ratio around / 0L = 2 X 10 10 W/cm 2 . In this intensity region aT is fitted. Around / 0L = 5 X 10* W/cm 2 the transmission ratio depends strongly on 6 T . There this value is fitted. The best fitting parameters of </> T , tr r , and T x are collected in table 2. The quantum yield of internal conversion <f>xc = I -<£ T -<£ F , the internal conversion rate ki c (eq. (15)), and the intersystem-crossing rate £ isc (eq. (14) ) are included in table 2. 
